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Abstract  Drifting buoys, satellite altimetry and 
satellite-derived sea surface thermal images are used to 
identify the existence of a large cold-core, cyclonic Kuroshio 
frontal eddy between Hengchun Peninsula and Lanyu, 
southeast off Taiwan Island around March 1996. The cold 
eddy accompanies an offshore meander of the Kuroshio near 
Lanyu, about 70 km and 100 km in horizontal zonal and 
meridional scales, respectively.  The cold eddy is different from 
normal Kuroshio frontal eddies for its persisting of about 2 
months near Lanyu. Supporting evidence suggests that the 
Kuroshio intruded into the South China Sea (SCS, hereafter) 
forming a loop-like structure during the persisting period of 
the cold eddy and that similar eddies occur occasionally in the 
same location. Compared with the corresponding studies in the 
Gulf of Mexico, it is suggested that Lanyu cold eddies are SCS 
analogues of Tortugas eddies found in the southern Straits of 
Florida. Overshooting of the meandering Kuroshio when it 
leaves the SCS and effects from conservation of potential 
vorticity are the possible mechanism of eddy genesis. 
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Frontal eddy is a common meso-scale phenomenon in 
the ocean. It is often observed on the near-shore frontal 
edges of strong western boundary currents, such as the 
Kuroshio and the Gulf Stream. Most available studies on 
frontal eddies are focused on the Gulf Stream, especially in 
the South Atlantic Bight off the southeast coasts of the 
United States[1]. Frontal eddies usually appear on the inner 
side (near-shore side) of the offshore meandering Gulf 
Stream with cold-core and cyclonic features and propagate 
northward with meanders. Off Florida, for example, the 
horizontal dimension of Gulf Stream frontal eddies is about 
10 km cross-shore and about 20—30 km alongshore. They 
are formed about once a week, propagate northward 20 
km/d, and persist for 1—3 weeks[2]. North to Florida, the 
propagation speed of Gulf Stream frontal eddies increases 
to 35—60 km/d and warm filaments are frequently formed 
on the near-shore side of the frontal eddies which may 
extend 100—200 km to the south[3]. 
Although Asian navigators have noted the occasional 
southward currents on the near-shore side of the Kuroshio 
long ago, Kuroshio frontal eddies have never received 
proper attention until late 1980s when applications of 
satellite infrared remote sensing became popular on the 
oceanic research[4]. Chinese oceanographers initiated their 
pilot study on Kuroshio frontal eddies in the northern East 
China Sea (ECS, hereafter) in April 1989[5], which was 
followed by a more specific cruise in spring 1992[6]. Results 
from the survey reveal the typical folded-over, wave-like 
structure of Kuroshio frontal eddies south to 30°N, which 
consist of an elongated cold core and a reversed warm 
tongue of about 50 m thick. These eddies occur about once 
every 10 days moving downstream at a speed of about 30 
cm/s[5,6]. After then, Yanagi et al. conducted a hydrographic 
survey in May—June, 1996, and reports the length and 
width of the cold-core of a Kuroshio frontal eddy along the 
outer continental shelf of the ECS of about 60 km and 40 
km, respectively. Its phase speed is about 30 cm/s and its 
center shifts offshore in the deep layer[7]. 
The studies on frontal eddies of the Kuroshio have 
been focused on the north ECS (north to 28°N) and the area 
south to Japan up to now, not much has been done in the 
waters east off Taiwan although the large Kuroshio 
meanderings were recently reported there[8,9]. In this paper, 
Argos drifting buoys and satellite AVHRR images are used 
to identify a frontal eddy event occurring between 
Hengchun Peninsula and Lanyu, southeast off Taiwan 
Island around March 1996. Satellite TOPEX/Poseidon (T/P 
hereafter) altimetry data of the same period are also 
analyzed to estimate the basic physical properties of the 
frontal eddy. The results indicate a large, cold-core 
Kuroshio frontal eddy with horizontal scales reaching 70 
km in the zonal and 100 km in the meridional directions. 
The eddy is accompanied by offshore meandering of the 
Kuroshio main axis and differs itself from conventional 
Kuroshio frontal eddies in the ECS by persisting quasi-sta- 
tionarily near Lanyu for about 2 months. 
1  Data 
Data of Argos drifting buoys used in the paper are 
from the Surface Velocity Program CD-ROM of WOCE 
global data set (Version 1.0) available from MEDS of 
Canada, in which six drifting buoys were deployed 
southeast off Taiwan Island in March 1996. Their initial 
positions and starting time are listed in Table 1. Satellite  








21972 1996.03.04 21.51 120.91 
21973 1996.03.04 21.51 121.03 
21976 1996.03.04 21.60 120.90 
21977 1996.03.04 21.49 120.91 
21978 1996.03.04 21.61 120.93 
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AVHRR infrared images are downloaded from the SCS 
database of the remote sensing group in the Woods Hole 
Oceanographic Institution. T/P altimetry along track Sea 
Surface Height Anomalies (SSHA, hereafter) is provided by 
PO.DAAC, NASA/JPL, all necessary corrections were 
applied in advance[10]. 
2  Results  
(ⅰ) Tracks of drifting buoys and the velocity field. 
The tracks of the Argos buoys indicate that all 6 buoys 
took an anticlockwise turn after deployment drifted 
cyclonically between Hengchun Peninsula and Lanyu (Fig. 
1). Among them, 3 buoys (Nos. 21972, 21977 and 21978) 
rotated anticlockwise for more than one cycle in the area 
southeast off Taiwan Island (2 cycles for buoy 21977). The 
other three (Nos. 21973, 21976 and 21979) firstly moved 
upstream to the south, swing cyclonically near the southern 
tip of Yunlin Ridge, turning northward near Lanyu and 
finally returned to the east coast of Taiwan Island at about 
22.5°N. In addition, Buoys 21976 and 21977 left the coast 
a g a i n  n o r t h  o f  2 3 ° N ,  m o v e d  c y c l o n i - 
cally, and turned back to the coast of Taiwan Island at about 
24.5°N.  
These tracks of drifting buoys demonstrat a southward 
counter current along the coast from Taitung to the southern 
tip of Taiwan Island in the observing period. Surface 
currents east of the Yu nlin Ridge also flow southward 
mainly. The southward current takes a U-turn at about 
21.2°N then flows northward on either side of Lanyu (There 
are buoy tracks on both sides of the islet). It is hence 
evident that during the observational period there was a 
local cyclonic gyre between Hengchun Peninsula and 
Lanyu, southeast off Taiwan Island. The Kuroshio 
meandered eastward leaving Hengchun Peninsula for the 
same period with its main axis near Lanyu. Besides, there 
may have another Kuroshio meander north of 23°N.  
Since buoy positions are measured and recorded by 
satellite at irregular time intervals,  the drifting velocity of 
a buoy could be roughly estimated by dividing the 
displacement between two successive records with the time 
difference, which is then taken as the estimate of surface 
velocity. Following this measure, we calculated the drift- 
 
 
Fig. 1.  Tracks of 6 drifting buoys deployed in March 1996. 
 
Fig. 2.  Surface velocity distribution east to Taiwan. 
 
(ⅱ) SST.  Since drifting buoys are equipped with 
thermal sensor, sea surface temperature (SST, hereafter) 
distribution could be plotted based on temperature 
observation of the 6 buoys (Fig. 3(a)). A cold core was 
clearly presented in the area surrounded by Hengchun 
Peninsula, Lanyu and Green Island with horizontal scales of 
about 70 km in the zonal direction and 100 km in the 
meridional direction. The temperature at the center is about 
22.5℃, 1.5℃ lower than surrounding waters. Also plotted 
is the track of Buoy 21973 which drifted cyclonically 
around the cold core.  
The existence of the cold core is also supported by 
AVHRR infrared satellite images. Fig. 3(b) gives the 
AVHRR image of March 13, 1996 as an example. A cold 
core could also be found in this image in the area encircled 
by Buoy 21973. Surface temperature of the core is about 
1.2℃ lower than surrounding waters.  
Therefore, evidence from SST observations of both 
drifting buoys and satellite remote sensing indicates that a 
large Kuroshio frontal eddy was developed southeast off 
Taiwan Island, between Hengchun Peninsula and Lanyu in 
March 1996. The frontal eddy has a cold core in the surface, 
which is surrounded with a cyclonic velocity field and 
accompanied by large offshore displacement of the 
Kuroshio main axis.  
(ⅲ) Sea surface height anomaly——satellite altimetry 
results.  Satellite altimetry is an effective approach to 
observe meso-scale oceanic phenomena. Satellite T/P (Pass 
164, Fig. 2) passes the southeast area off Taiwan Island 
once every 10 days in the buoys’ observing period. It 
provides continuous observation of the perturbation of 
SSHA caused by the frontal eddy mentioned above. The 
data of Pass 164 around Mar. 1996 (from cycle 120 to cycle 
134, 15 cycles, about 150 d) were extracted to study the 
along track variations of SSHA (Fig. 4). Cycles 127, 128, 
130 and 131 recorded dramatic horizontal differences of 
SSHA when SSHAs centered at 21.8°N were about 40 cm 
below the mean, while SSHAs on its both sides were close 
to or above the mean. Hence, along track variation of the 
SSHAs manifests a U-shape along Pass 164 in these cycles. 
These horizontal differences also indicate that the Kuroshio 
moved eastward significantly during cycles 127—134 
corresponding to the frontal eddy event caught by drifting 
buoys.  
Variation of geostrophic flow could be estimated from 
the difference of SSHA based on geostrophic approach. The 
SSHA difference between the cold core and the edge is 
about 0.4 m, the horizontal distance is about 55 km, and 
thus the corresponding variation of geostrophic current is 
about 1.3 m/s. It is close to the maximum speed estimated 
from the drifting buoy data. 
Another important fact revealed by satellite altimetry 
is that, in large difference from ordinary Kuroshio frontal 
eddies of the ECS, the observed Lanyu cold eddy persisted 
quasi-stationarily across Pass 164 about 60 d (Fig. 5(a)) 
without propagating downstream of the Kuroshio. 
3  Summary and discussion  
The event of a huge Kuroshio frontal eddy is 
discovered by satellite tracking drifting buoys in the area 
southeast off Taiwan Island. The existence of the eddy west 
to the Kuroshio front southeast off Taiwan Island is further 
